Background. The worldwide burden of the Group A Streptococcus (GAS) primary infection and sequelae is considerable, although immunization programs with broad coverage of the hyper variable GAS are still missing. We evaluate the streptococcal hemoprotein receptor (Shr), a conserved streptococcal protein, as a vaccine candidate against GAS infection.
Background. The worldwide burden of the Group A Streptococcus (GAS) primary infection and sequelae is considerable, although immunization programs with broad coverage of the hyper variable GAS are still missing. We evaluate the streptococcal hemoprotein receptor (Shr), a conserved streptococcal protein, as a vaccine candidate against GAS infection.
Methods. Mice were immunized intraperitoneally with purified Shr or intranasally with Shr-expressing Lactococcus lactis. The resulting humoral response in serum and secretions was determined. We evaluated protection from GAS infection in mice after active or passive vaccination with Shr, and Shr antiserum was tested for bactericidal activity.
Results. A robust Shr-specific immunoglobulin (Ig) G response was observed in mouse serum after intraperitoneal vaccination with Shr. Intranasal immunization elicited both a strong IgG reaction in the serum and a specific IgA reaction in secretions. Shr immunization in both models allowed enhanced protection from systemic GAS challenge. Rabbit Shr antiserum was opsonizing, and mice that were administrated with Shr antiserum prior to the infection demonstrated a significantly higher survival rate than did mice treated with normal rabbit serum.
Conclusions. Shr is a promising vaccine candidate that is capable of eliciting bactericidal antibody response and conferring immunity against systemic GAS infection in both passive and active vaccination models.
Streptococcus pyogenes, or Group A Streptococcus (GAS), is a versatile pathogen capable of producing a spectrum of illness ranging from mild infections, such as pharyngitis and impetigo, to invasive diseases, including myositis and necrotizing faciitis [1] . GAS infections can also trigger a number of disabling sequelae. For example, pharyngitis, an ordinary childhood disease of which there are hundreds of millions of cases per year worldwide, can lead to acute rheumatic fever (RF) in 3% of the untreated patients [2] . RF is thought to result from cross-reaction of antibodies and T-cell receptors with tissues of the heart, synovium, and/or neurons of the basal ganglia in the brain [3, 4] . In addition to the induction of heart disease, the damage inflicted by autoimmune reactions is hypothesized to produce a number of neuropsychiatric disorders, including Sydenhym chrea and obsessive-compulsive disorder [5, 6] . All together, GAS costs billions of dollars in the United States alone and .500,000 deaths per year globally. An effective GAS vaccine is therefore highly desirable, especially for the developing parts of the world where RF and rheumatic heart disease are leading causes of disability and mortality in children [2, 7] .
GAS M protein has been extensively studied as a vaccine candidate since early observations that it elicits lasting immunity [8] [9] [10] . However, the antiphagocytic M protein is a highly variable antigen [11, 12] . The Nterminal domain, the molecule's most outward facing and least conserved region, evokes an M type-specific antibody [13] . More than 150 M types are known, and the number and identity of the prevalent strains varies significantly in different parts of the globe [14] [15] [16] . In addition to the complications arising from extensive antigenic variation, M-based vaccination programs suffer from safety concerns. Several M serotypes were implicated in RF development, and cross-reactivity has been found between some M epitopes and human tissues.
Recent studies suggest that a safe and effective M-base vaccine for GAS may be in reach. Two vaccines based on peptides derived from the N-terminal domain of the M protein were found to be protective in clinical trials without adverse outcome [17, 18] . In its current formulation, M vaccine provides protection against 26 serotypes, covering 85% of GAS strains in the United States [14] . Nevertheless, this vaccine is expected to have fairly limited coverage in developing countries, and there are concerns that it may trigger a shift in serotype prevalence [19] . Therefore, there is a significant interest in identifying additional protective antigens that may facilitate broad immunization programs. A number of GAS components have been investigated, including antigens derived from virulence factors or surface components, such as the C5a peptidase [20] , the conserved C-terminal region of the M protein [21] , group A carbohydrates [22] , lipoteichoic acid [23, 24] , and several fibronectin-binding proteins [25] [26] [27] . Antigens that were identified in silico and/or by proteomics or genomics methods have been also studied [28, 29] . Although a protective response was observed with some antigens in >1 model, difficulties arising from limited expression among GAS isolates or the high concentration required for effective antibody response were reported. Other than the N-terminus peptides of the M protein, no additional GAS antigens have reached human trails since the 1970s.
The streptococcal hemoprotein receptor (Shr) is highly conserved in GAS genomes. It binds to several hemoproteins and extracellular matrix components and is implicated in iron acquisition and adherence [30, 31] . Shr is available on the bacterial surface for antibody binding, and recent analysis confirmed the expression of Shr in 15 of 17 tested clinical isolates representing 12 M types [31] . Here, we investigate the ability of Shr to elicit protective immunity. We show that Shr is highly immunogenic and that vaccination with Shr in both active and passive models protected mice from systemic GAS challenge.
MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Escherichia coli DH5a harboring plasmid pCB1, which expresses a recombinant Shr protein (His6-Xpress-Shr, rShr [30] ), were grown in Luria-Bertani broth at 37°C. The GAS strains MGAS5005 (M type 1 [32] ), MGAS315 (M type 3 [33] ), and ZE491 (M type 49, mtsR - [34] ) were grown at 37°C in ToddHewitt broth (Difco Laboratories) with 0.2% w/v yeast extract (THY). The Lacococcus lactis MG1363 and MG1363 harboring plasmid pXL14 (expressing the native Shr protein [31] ) were cultivated in M17 (Difco Laboratories) supplemented with 0.5% w/v glucose (GM17) at 30°C. When necessary, ampicillin (100 lg/mL) or kanamycin (70 lg/mL) was added to the medium.
Mouse Vaccinations
CD-1 female mice were used (weight, 20-22 g; Charles River Laboratories). For systemic immunization, rShr was purified as described elsewhere [31] Lung lavage specimens were collected on day 52, as described elsewhere [35] , and the anti-Shr IgA level was determined. For passive immunization, 100 lL of rabbit rShrantiserum [30] or serum samples from naive animals (normal rabbit serum [NRS]) were mixed with 400 lL of PBS and administrated intraperitoneally. All of the vaccination and mouse challenge experiments were repeated at least twice.
GAS Infection Model
GAS cells at the mid-logarithmic phase (optical density at 600 nm, 0.7) were harvested, washed, and resuspended in saline. Cell concentration was determined by microscopic counts and verified by plating. Mice were infected with 0.1 mL of cell suspension (lethal dose, 80%) and were observed 4 times per day after challenge. Animals exhibiting signs of severe distress were euthanized and counted as dead. All experiments involving animals were conducted according to protocols approved by the Georgia State University Institutional Animal Care and Use Committee.
Shr Antibody Detection
The antibody response was measured by enzyme-linked immunosorbent assay (ELISA) [35] . In brief, microtiter plates (Costar; Corning) were coated with rShr (50 ng per well), washed, and blocked with 1% w/v BSA in PBS-Tween. Serum or lung fluid samples were allowed to react with the coated plates for 1 h at 37°C. Antibody production was detected using anti-mouse IgG or anti-mouse IgA secondary antibodies (Sigma). The absorbance at 405 nm was measured after a 30-min incubation. Antibody titers were defined as the dilution producing the same OD 405 at 2 times of the background level (ie, the reading obtained with serum or lung fluid samples for nonimmunized mice).
Opsonophagocytic Killing Assay ZE491 GAS cells (OD 600 , 0.7) were harvested and washed. A total of 0.1 mL of diluted (1: 200,000) cell samples were added into 0.5 mL of fresh rabbit whole blood, together with 0.1 mL of rabbit Shr antiserum [30] or NRS (as a control), and incubated with shaking at 37°C for 3 h. Surviving bacteria were enumerated by plating for viable counts. Opsonization expressed as the percent reduction in mean colony-forming units (CFUs) was calculated as [1-(CFU in the presence of Shr antiserum)/(CFU in the presence of NRS)] 3 100 [36] .
Statistical Analysis
Data presented are average or representative of data from experiments repeated at least 2 times. The Student t test was used for testing significance when comparing 2 groups. Kaplan-Meier plots of survival and log-rank tests were used for comparison of protection by immunization.
RESULTS
Intraperitoneal Vaccination With Shr Elicits a Robust Humoral Response and Protection
Previous studies demonstrated that Shr is expressed in vivo and suggested that it is required for GAS disease process [31] , raising the possibility that the multifunctional Shr may serve as a vaccine target. To examine Shr antigenic potential, a recombinant protein (rShr, [30] ) was expressed, purified, and administrated intraperitoneally to mice. The time course development of the anti-Shr response was monitored in serum samples from 4 representative mice ( Figure 1A ). All 4 animals developed a significant serum reaction to Shr after a single antigen administration (IgG titer range, 10
). The anti-Shr IgG level continued to ascend after the second immunization and appeared to be saturated after the third immunization, demonstrating an anti-Shr titer range of (1.25-6.25) 3 10 6 . Endpoint titer analysis in the rest of the cohorts' mice revealed a robust anti-Shr response in the immunized animals, with a mean titer of 5.6 3 10 5 ( Figure 1B) . In contrast to the significant anti-Shr response found in the experimental group (ie, Shr-immunized mice), Shr-specific antibody was not seen in serum samples obtained from the control group (ie, the mock vaccination group).
To test for protective immunity, vaccinated mice were challenged intraperitoneally with a lethal dose of MGAS5005 (M type 1) on day 49 of the vaccination experiment, and animal survival was monitored for 5 days. A rapidly progressing fatal infection developed in most of the mice in the control group (mock vaccination), resulting in a 21% survival rate at the end point. Similarly, an aggressive disease was previously reported in a murine model for systemic GAS infection with MGAS5005 [32] . A less severe disease developed after infection of mice immunized with rShr, and the end point survival rate for this group was 78%, 3.7-fold higher than that of the mock-vaccinated group (P 5 .002) ( Figure 2) . Therefore, systemic immunization of mice with rShr provides protection from systemic GAS challenge.
Intranasal Vaccination With Shr Results in Strong Antibody Response and Enhanced Defense
The ability of Shr to elicit immune response by mucosal vaccination was examined using the probiotic L. lactis as a delivery vector. Mice intranasally received recombinant bacteria expressing Shr on the surface (MG1363/pXL14, [31] ) or with the native host cells (MG1363). The presence of anti-Shr IgA in undiluted lung lavage samples collected 10 days after the last antigen administration (day 52) was determined by ELISA. A measurable Shr-IgA activity was exhibited by all of the mice that were immunized with Shr-expressing bacteria ( Figure 3A) ; 9 of 13 mice developed a Shrspecific IgA level that was at least 3 times higher than that seen in untreated animals (with an endpoint IgA titer (the titer is expressed as a dilution ration) that varied from 1:4 to 1:64; data not shown). Mice that were vaccinated with unmodified L. lactis cells showed only the background IgA level seen with untreated animals (P 5 .01). The induction of anti-Shr IgG in the serum after the course of mucosal vaccination (day 50) was tested as well ( Figure 3B ). All of the mice that received recombinant L. lactis (MG1363/pXL14) developed a significant IgG response to Shr, demonstrating a mean endpoint titer (6 standard deviation) of 5.5 3 10 4 6 2 3 10 4 , whereas only background response was found in serum samples from pre-immune mice or mice vaccinated with native L. lactis (MG1363, P , .0001). Therefore, mucosal administration with L. lactis expressing Shr resulted in a measurable immune response in secretions and a strong reaction in the serum.
We next asked whether the anti-Shr immune response triggered by the mucosal immunization was sufficient to protect against GAS infection. Vaccinated mice were infected intraperitoneally (on day 52) with MGAS5005. Aggressive infections were seen after the challenge in mice that were immunized with the native L. lactis strain (MG1363), demonstrating only a 25% survival rate on the fifth day after infection. In contrast, most of the mice that were administrated with Shrproducing lactococci (MG1363/pXL14) were able to recover and demonstrated an 87% survival rate-3.48-fold higher than that of the control group (P 5 .014) ( Figure 3C ). Thus, mucosal immunization with Shr-producing bacteria resulted in protective immunity against systemic GAS challenge.
Passive Immunity With Rabbit Shr Antiserum
The studies described above show that Shr vaccination administered via both the intraperitoneal and intranasal routes resulted in significant serum anti-Shr IgG. To examine whether the observed humoral response to Shr could account for the protection exhibited by the vaccinated animals, we tested the ability of rabbit Shr anti-serum [30] to protect naive mice from upcoming GAS infection. Pretreatment of mice with Shr antiserum (with a titer of 10 6 ) prior to intraperitoneal inoculation of MGAS5005 provided significant defense; the survival rate at the end point for mice administrated with the Shr antiserum was 60%, whereas only a 20% survival rate was observed with the control mice that were treated with NRS prior to the challenge (P 5 .0308) ( Figure 4A ). The same Shr antiserum also defended mice from infection with the invasive M type 3 strain MGAS315, demonstrating 53% and 20% survival rates for mice treated with 9 CFU of Lacococcus lactis (MG1363) or L. lactis expressing Shr (MG1363/pXL14). Endpoint antibody response (on days 50 and 52, respectively) was determined by enzyme-linked immunosorbent assay preformed in quadruplicate. A, Shr-specific immunoglobulin (Ig) A level in undiluted lung lavage specimens from mice treated with MG1363 (n 5 2) or MG1363/pXL14 (n 5 13). Each datum point represents the mean response in individual animals. The statistical significance (P 5 .01) was determined by the Student t test. B, Shr-specific IgG titer in serum for individual mice treated with MG1363 (n 5 15) or MG1363/pXL14 (n 5 15). The statistical significance (P , .0001) was determined by the Student t test. C, Kaplan-Meier survival curves of vaccinated mice after systemic group A Streptococcus challenge. Mice immunized with MG1363 (n 5 8) or MG1363/pXL14 (n 5 8) were intraperitoneally received 1 3 10 8 CFU. The statistical significance (P 5.014) was determined by the log-rank test. The data shown are pooled data from 2 independent experiments.
anti-Shr or NRS, respectively (P 5 .034) ( Figure 4B ). These observations indicate that Shr antibodies are protective against multiple GAS serotypes and suggest that the defense from GAS obtained by vaccination is mediated at least in part by serum antibody to Shr.
Rabbit Shr-antiserum Is Bactericidal
Because rabbit Shr-antiserum protects mice from GAS infection, we tested whether it contains opsonizing antibodies. The GAS metal-dependent repressor MtsR represses the expression of Shr in vitro [34] . To ensure Shr production under the experimental conditions, we used the mtsR mutant ZE491, in which Shr expression is deregulated [34] . ZE491 cells were allowed to grow in rabbit whole blood in the presence of Shr-antiserum or NRS, and the change in the bacterial load after 3 hours of incubation was determined by viable counts. A significant reduction in the bacterial number (mean 6 standard deviation, 70% 6 17%) was observed in cultures treated with Shr anti-serum, comparison with those that were treated with NRS ( Figure 5 ), indicating that the anti-Shr serum facilitates phagocytosis and bacterial killing in whole blood.
DISCUSSION
An effective prevention program for GAS is greatly needed, especially in the developing world, where antibiotic therapy fails to control the occurrences of RF and rheumatic heart disease as it does in developed countries [2, 4, 16] . The increasing reports of drug-resistant GAS further underscore the need for GAS vaccine [37] [38] [39] [40] . The hyper-variable M protein is the most prominent and promising GAS antigen [17, 18] . However, M-based vaccination would likely require unique formulations for different geographic areas, and the efficacy of the vaccine may be hampered by rapid changes in GAS populations. Conserved antigens, which can be used alone or in combination with M-epitopes to increase coverage and combat population shifts, are therefore required. Here, we show that a conserved protein, Shr, is a promising antigen that can elicit robust humoral response and provide defense from systemic GAS infections in both active and passive immunization models.
We previously reported that GAS infection led to serum conversion in most of the surviving mice [31] . In this study, we measured the serum immune response triggered by Shr vaccination using CFA/IFA or L. lactis as adjuvants in systemic and mucosal application, respectively. The vigorous Shr-specific IgG response developed in mice after intraperitoneal vaccination ( Figure 1 ) and the high antibody levels observed in the intranasally immunized animals ( Figure 3B ) together suggest that Shr is a strong immunogen. Moreover, both vaccination protocols resulted in enhanced resistance to systemic GAS challenge, showing that the immune reaction to Shr is protective (Figures 2 and 3C ). It is interesting to note, however, that although the mucosal antigen administration produced a lower anti-Shr IgG titer (5.5 3 10 4 6 2 3 10 4 ) than did intraperitoneal vaccination with rShr (5.6 3 10 5 ), a similar level of mouse recovery from GAS infection was seen in both cases. Immunization with L. lactis typically leads to a T-helper 1 (Th1)-biased response [35, 41, 42] . In addition to supporting IgG2a production over other immunoglobulin subtypes, Th1 adaptive response promotes cellular immunity, which could complement the protection provided by serum IgG.
Mucosal immunity is an important prevention and control measure of mucosal pathogens such as GAS. Lactococcus species were previously used successfully to elicit mucosal defense against Streptococcus pneumonia, group B streptococci, and GAS [42, 43] . Here, we show that in addition to the strong production of serum antibody, intranasal immunization with Figure 4 . Protection of mice from systemic group A Streptococcus (GAS) infection with passive immunization with streptococcal hemoprotein receptor (Shr). Kaplan-Meier survival curves are shown for mice challenged with 5 3 10 7 CFU 4 h after intraperitoneal administration of rabbit Shr antiserum (anti-Shr) or with normal rabbit serum (NRS). A, MGAS5005 challenge. The results are representative of 2 independent experiments (n 5 10 for both groups; P 5 .0308). B, MGAS315 challenge. The data shown are pooled from 3 independent experiments (n 5 15 for both groups; P 5 .034). Statistical significance was determined by the log-rank test. L. lactis expressing Shr triggered anti-Shr IgA formation in secretions ( Figure 3A) . Shr-specific IgA was seen in the lung lavage specimens obtained from most mice, although the antibody titer was modest. Mucosal vaccination with M-derived peptides provided protection from intranasal challenge even in the absence of strong IgA response, suggesting a protective role for serum IgG [36, 44] . Nevertheless, IgA is important for GAS defense [26, 45, 46] ; thus, the mucosal delivery of Shr needs improvement. Investigations of alternative mucosal adjuvants, such as the lipid core peptide [36] , proteosomes [47] , or GAS pilus-based UPTOP (for unhindered presentation of polypeptides on tips of pili) system [35] , are warranted.
Mice that were administrated with anti-Shr rabbit serum before infection demonstrated significantly higher survival rates after challenge with MGAS5005 or MGAS315 (60% and 53%, respectively) than did mice treated with NRS (20%) (Figure 4) . The observation that humoral response to Shr is protective suggests that the defense conferred by active vaccination with Shr is mediated, at least in part, by serum antibodies. Protection by serum antibodies is further supported by the findings that Shr antiserum is bacteriocidal ( Figure 5 ). In addition to facilitating GAS clearance by phagocytes, Shr serum antibodies are likely to interfere with Shr iron acquisition and adherence [30, 31] and thus may act directly to limit GAS growth and spread. The observation that Shr confers passive immunity suggests that Shr antiserum may be useful in therapy of invasive diseases, such as streptococcal toxic shock syndrome (STSS). STSS is a rapidly progressing, superantigen-mediated disease that involves bacterimia, hypotension, and multiple-organ failure [48] . The absence of protective antibodies against GAS M protein and superantigens is found to be associated with higher risk for STSS. Effective GAS antibodies may be useful in STSS treatment as they may act in reducing the bacterial load in the blood and thus superantigen production.
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